disruption of myelin formation, axonal damage, and oligodendroglia loss, [4] [5] [6] has proven to be the leading cause of cerebral palsy, mental retardation, and neurobehavioral disabilities in survivors. 7, 8 Among oligodendrocyte linage, late oligodendrocyte progenitors have been reported to be selectively more vulnerable to H/I injury than early oligodendrocyte progenitors and immature oligodendrocytes. [9] [10] [11] Although immature neurons seem to be more resistant to transient H/I-induced cell death, 8, 12 white matter necrosis, characterized by progressive degeneration of premature oligodendrocytes and axons, results in retrograde axonal degeneration. This in turn causes secondary neuronal loss in cortical and subcortical gray matter following H/I brain injury. 3, 13 Thus, to minimize neurodevelopmental impairments, it is critical that the survival and maturation of late oligodendrocyte progenitors be maintained to facilitate the development of myelin and to rebuild new circuit connections to restore axonal conductive sensitivity in neonates after H/I brain injury. 14 Microglia, resident macrophages of the central nervous system, play a fundamental role in the development of the brain. 15 Indeed, microglia regulate the proliferation and differentiation of neurons and oligodendrocytes, 16, 17 promote neurite development and regeneration, 18 modulate synapse pruning and remodeling, 19 and clear debris of normal apoptotic cells. 20 Microglia activation has been increasingly recognized as a major contributor to pathophysiological outcomes in the developing brain. 21, 22 Thus, therapeutic strategies restricting microglia activation and production of pro-inflammatory cytokines may be beneficial to the survival and maturation of neurons and oligodendroglia. [23] [24] [25] [26] Sublethal hypoxic preconditioning (HPC) enhances the tolerance of cells, tissues, and even organism to subsequent lethal insults like ischemia or hypoxia in neonates and adults. 27, 28 Previous research demonstrated that HPC protected the developing brain against H/I injury by attenuating neuronal death, 29 reducing microglia activation, 30 and enhancing neurogenesis. 31 Inducible expression of the transcriptional factor hypoxia inducible factor-1 (HIF-1) seems to be essential for HPC-mediated neuroprotection, as knockout of HIF-1α eliminates the protective effect of HPC. 32 Furthermore, HPC increases glycogen levels to delay energy depletion 33 and downregulates cerebral metabolic demand and energy-consuming processes by suppressing ATPase activity and protein synthesis after cerebral ischemia. 27, 34 Although HPC has been reported to reduce acute myelin loss caused by neonatal H/I injury, 35 the long-term effects of HPC on white matter integrity are still unknown.
In this study, we hypothesized that HPC could reactivate normal development of the postnatal brain parenchyma to promote longterm neurological recovery after H/I injury. To test this hypothesis, the impact of HPC on long-term neurological outcomes and brain parenchyma integrity after white matter injury was assessed in a well-established neonatal hypoxic-ischemic brain injury model. Our results suggest that HPC promotes long-term functional recovery of sensorimotor and cognitive deficits by partially rehabilitating the abnormal development of brain parenchyma by revitalizing oligodendrocyte progenitor cell (OPC) maturation and suppressing excessive microglia activation. Twenty-four hours later, neonates were subjected to sham or H/I brain surgery as previously described. 36 Briefly, seven-day-old pups were anesthetized with 1.5% isoflurane mixed with ambient air, and the left common carotid artery was ligated permanently in all pups except those in the sham group. After a 1.5-hour recovery period, pups were again exposed to 7.8% O 2 /92.2% N 2 (H/I and HPC + H/I groups) or ambient air (sham group) for 2.5 hours.
| ME THODS

| Hypoxic preconditioning and model of neonatal H/I brain injury
| Neurological function evaluation
Tests assessing gait and righting reflex were performed daily as previously described 37 for 5 days after H/I. Long-term neurological deficits were assessed by foot fault and Morris water maze tests up to 35 days after H/I as previously described. 38 All tests were performed by investigators blinded to experimental group assignment.
| Immunofluorescence staining
Coronal brain sections (25 μm thick) were used for immunohistochemistry. Sections were washed three times in phosphate-buffered saline (PBS) solution, blocked with 10% goat serum for 1 hour, followed by 1-hour incubation in a primary antibody (listed in supplementary file, Table S2 ) at 37°C and overnight at 4°C. The following day, brain sections were washed three times in PBS containing 0.3% Triton-X 100 (PBST) and then incubated with a species-specific secondary antibody conjugated with DyLight 488 or DyLight 594
(Jackson ImmunoResearch Laboratories, West Grove, PA). Sections were then mounted with Fluoromount-G (Southern Biotech, Birmingham, AL). Images were captured using confocal microscopy (Olympus America, Center Valley, PA).
| Examination of newly proliferated cells
5-Bromo-2′-deoxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO), an S-phase marker, was used to label newly proliferated cells.
BrdU was intraperitoneally injected twice per day at 50 mg/kg body weight from days 3 to 7 after H/I injury. Coronal brain sections were prepared at 7 or 14 days after H/I injury. Sections were incubated in 2N HCl at 37°C for 1 hour, followed by neutralization in 0.1 mol/L boric acid (pH 8. 
| Quantification of immunofluorescent images
| Electrophysiology
Compound action potential was recorded in corpus callosum according to previously described. 39 Rats were anesthetized with 3% isoflurane, and brains were rapidly removed. Transverse slices Recordings were performed at 26°C. To record the compound action potential (CAP) at the external capsule (EC), a concentric bipolar stimulating electrode (250 µm inner pole diameter, FHC, Bowdoin, ME) was lowered into the cingulum of CC, and a recording electrode (aCSF-filled glass micropipette; resistance 6-8 MΩ)
was placed in EC 1.0 mm from the stimulating electrode. The initial depth of the electrodes was 100 µm below the surface of the slice.
Fine adjustments were made in the depths of both stimulating and recording electrodes to optimize the signal amplitude. Evoked clausal CAP was amplified (bandpass = DC to 10 kHz), digitized at 25 kHz, and stored on a disk for offline analysis. To record the CAP at CC, the stimulating electrode was localized at the midline of CC and the recording electrode was placed in CC 1.5 mm from the stimulating electrode in both hemispheres. The stimulus intensity ranged from 0.1 to 2.0 mA, and the amplitudes of N1 and N2 were calculated using Clampfit software by an investigator blinded to experimental conditions.
| Statistical analysis
All data are reported as mean ± SD. Differences in means across multiple groups were analyzed by one-way ANOVA. Differences in means across multiple groups with several measurements over time were analyzed using two-way ANOVA with repeat measurements. 
| RE SULTS
| HPC reduces brain atrophy and long-term neurological deficits induced by H/I
To assess the neuroprotective effect of HPC after H/I injury, P6 rat pups were subjected to 3 hours of hypoxia ( . Data were expressed as fold to sham. n = 9-18 for each group. *** P < 0.001, vs H/I group, ### P < 0.001 vs Sham group using one-way ANOVA followed by Bonferroni's post hoc test. C, Short-term neurological deficits as assessed by gait and righting reflex from 1 to 5 d after H/I injury. # P < 0.05, ## P < 0.01, ### P < 0.001 vs Sham group; * P < 0.05, ** P < 0.01, *** P < 0.001 vs H/I group using one-way or two-way ANOVA followed by Bonferroni's post hoc test, n = 9-18 rats per group. D, Foot fault percentage of forelimb and hindlimb. n = 7-10 rats per group. ## P < 0.01, ### P < 0.001 vs Sham group, * P < 0.05, ** P < 0.01, *** P < 0.001, vs H/I group using one-way or two-way ANOVA followed by Bonferroni's post hoc test. E, Learning ability was reflected by latency to the target platform 30-34 d after H/I injury in Morris water maze. F, Spatial memory was recorded at 35 d after H/I injury by measuring the time spent in the target quadrant (% of total 60 s), locomotor activities as reflected by swimming speed after H/I. n = 7-10 rats per group. ## P < 0.01, ### P < 0.001 vs Sham group, * P < 0.05, ** P < 0.01, *** P < 0.001, vs H/I group using oneway followed by Bonferroni's post hoc test. G, Representative swimming traces of rats attempting to find a hidden platform (top traces, "learning"), and searching for the platform after being removal (bottom traces, "memory"). All data are presented as mean ± SD more frequently, and spent more time in the target quadrant, when the platform was removed during the probe trial ( Figures 1F and S1D ).
There was no significant difference in swimming velocity among the three groups, which suggests that decreased latency to the target platform was not due to H/I-induced muscle atrophy ( Figure 1F ,G).
| Delayed brain development is revitalized by HPC following H/I injury
Hypoxia/ischemia-induced perinatal brain injury results in progressive damage to white matter in the developing brain. 13, 41 To investigate whether HPC could attenuate H/I-induced impairment on white matter integrity, SMI32 (red), a marker for nonphospho- Similar changes were detected in SMI32 + bundles up to 35 days after surgery, suggesting that development of white matter was severely disrupted, but was effectively revived by HPC ( Figure 2B ,E). NF200, a marker of phosphorylated neurofilament, was also dramatically decreased in the investigated region of interest, and the data showed that HPC preserved the levels of NF200 immunofluorescence at 35 days after H/I ( Figure S2 ).
The effect of HPC on axonal trafficking was determined by immunofluorescence staining of APP, which was physically transferred from the neuronal body to the axon terminals. APP + immunofluorescent signal was scarcely visible in sham brain. However, APP largely accumulated in peri-lesion areas of the CC, CTX, and STR in the ipsilateral hemisphere after H/I injury and was significantly suppressed by HPC ( Figure S3A,B) . This phenomenon was effectively reversed by HPC. ) hemispheres. E, Stimulating electrode was placed at Cg, and the response was recorded in the same hemisphere 1 mm lateral to the stimulation point. F, Stimulating electrode was localized at midline, and the response was recorded along both sides of the CC. The distance between stimulating and recording electrodes was 1.5 mm. n = 3-4 rats per group. # P < 0.05, ## P < 0.01, ### P < 0.001 vs Sham group, * P < 0.05, ** P < 0.01, *** P < 0.001 vs H/I group using two-way ANOVA followed by Bonferroni's post hoc test. G, Representative traces of Sham group, ** P < 0.01, *** P < 0.001 vs H/I group using one-way ANOVA followed by Bonferroni's post hoc test. F and G, RT-PCR analysis of microglia/macrophage pro-inflammatory cytokine (F) and inflammation-resolving cytokines (G) of damaged CC/STR and CTX brain tissue 1, 3, and 7 d after H/I injury. n = 3-4 rats per group. # P < 0.05, ## P < 0.01, ### P < 0.001 vs H/I group using one-way ANOVA followed by
| HPC reverses H/I-induced abnormal proliferation and maturation of OPCs
| HPC confers long-term effects on myelin formation and maturation following H/I injury
| DISCUSS IONS
Bonferroni's post hoc test. All data are presented as mean ± SD new myelin in the immature brain after H/I injury. 13 As matter. 9, 13 Besides being prone to degeneration, newly generated OPCs can suffer from maturation arrest, which may predispose the developing brain to chronic white matter injury after H/I injury. 44 Previous research suggested that HPC had no significant impact on either the number of early or late OPCs in white matter after H/I injury. 35 White matter is comprised of myelin sheath and axons. CC is the largest white matter tract in the brain. The CC contains interhemispheric functional connectivity that is critical for higher order functions, including motor activities and memory. 47 The link between the size of corpus callosum and motor development has been documented in preterm and term infants. 48, 49 The current study demonstrated a close correlation between the expression of white matter markers (MBP or SMI32) and sensorimotor deficits, suggesting that white matter integrity is important for sensorimotor performance of the H/I-injured neonates. This observation is consistent with previous studies in several neurological diseases, which reported correlations between CC disruption and cognitive or memory dysfunction. [50] [51] [52] Surprisingly, SMI32/MBP ratio, an excellent parameter for white matter integrity in adult brain, 53 was poorly correlated with the cognitive performance of neonatal rats after H/I, probably due to the simultaneous loss of both myelin and axons in the neonatal brains. Therefore, either SMI32 or MBP intensity alone might be a useful parameter for white matter integrity in developing brains after H/I.
The effect of HPC on white matter functional integrity after H/I injury was assessed by measuring the CAP of myelinated and unmyelinated axons in the CC. Our results demonstrated that the functional integrity of both myelinated and unmyelinated axons was preserved in the ipsilateral CC by HPC. However, no significant differences were detected in the amplitude of N2 between the two H/I injured groups when stimulus was initiated at Cg, suggesting that unmyelinated axons may be more sensitive to H/I damage. To our surprise, brain atrophy induced by unilateral ligation of the common carotid artery in H/I-treated animals was not restricted to the ipsilateral hemisphere, but also affected the contralateral side. HPC-induced trophic effects on brain development also extended to the CC of both hemispheres, as manifested by restoration of CC thickness and conductivity of both myelinated and unmyelinated axons. Therefore, we conclude that the functional integrity of white matter contributed to the longterm recovery of motor and cognitive function.
As resident immune cells, microglia are critical to the development of the brain. Perinatal H/I brain injury induces acute inflammatory responses, which could extend for weeks and even months. Activated microglia/macrophages produce inflammatory factors such as cytokines, chemokines, and reactive oxygen species, which may potentially impede the development of gray and white matter after H/I injury. [54] [55] [56] [57] Inflammation-resolving cells, also called M2 phase microglia/macrophages, have been shown to have multiple trophic effects, on the proliferation of glia progenitor and maturation of oligodendrocytes in the adult brain. 58, 59 Our study demonstrates that HPC mainly suppressed activation of microglia/macrophage and cytokines production, 30 rather than regulated microglia/macrophages polarization in the immature brain after H/I injury. Therefore, therapeutic strategies that target the activation of microglia could be potentially effective in restoring normal brain development following H/I insult. 
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